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ABSTRACT 

At the Ninth COSPAR Meeting in Vienna, May 10-19, 1966, COSPAR 

Working Group IV  (P rope r t i e s  of the Upper Atmosphere) adopted a proposal 

that  for  the following meeting, t o  be held in  London in July 1967, s eve ra l  

reviews should be compiled. 

measurements  with the COSPAR International Reference Atmosphere 1965, 

with emphasis  on the IQSY data. 

response to  that request ;  it contains such comparisons and reviews the most  

important r e s e a r c h  developments in  the region above 200 krn during the past  

2 years .  

They were  to contain "comparisons of individual 

The present  paper was compiled in 

Au cours de la NeuviGme Re'union, du 10 au 19 mai , 1966, Vienne, 

du Comitd sur la Recherche de 1'Espace (COSPAR) , L'iquipe IV du COSPAR 
(Propri6t6s de la Haute Atmosphire) a adopte' la proposition que plusieurs 
compte-rendus soient compilds pour la prochaine dunion devant avoir 

lieu & Londres en juillet 1967. Ceux-ci devaient comprendre des "corn- 

paraisons de mesures individuelles avec 1'atmosph;re de rdf6rence inter- 
nationale de 1965 du COSPAR, et faire ressortir les donnges de 1'Anne'e 

Internationale du Solei1 Tranquille (IQSY)". La prdsente communication 
a ete compiige sii r61;onse c e t t e  demande: elle contient de telles com- 

puraisons et revoit les plus importants dgveloppements des recherches 

dans la re'gion au-dessus de 200 km au cours des deux dernikres anne'es. 

. .  
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RECENT RESULTS IN THE ATMOSPHERIC REGION ABOVE 200 KM 

AND COMPARISONS WITH CIRA 1965 

L. G. Jacchia  

1. INTRODUCTION 

Following is a brief review of the mos t  important  developments i n  

upper  a tmosphere r e s e a r c h  in  the region above 200 km since the compilation 

of the COSPAR International Reference Atmosphere (CIRA, 1965). 

limit ourse lves  to those developments and problems that have a d i rec t  bea r -  

ing on the construction of a tmospheric  models. 

We shall  

This  paper i s  to be presented at the Open Session of Working Group IV, 
Tenth Meeting of COSPAR, London, July The work reported 
on h e r e  was supported in pa r t  by Grant  the National 
Aeronaut ics  and Space Administration. 
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2. DENSITIES 

The basic  problem today, just  a s  3 yea r s  ago, is the lack of s imulta-  
neous observations of different atmospheric parameters ,  i. e . ,  of density, 

t empera ture ,  and composition. Density i s  monitored systematically a t  

heights f r o m  200 to 700 k m  and sporadically to 1200 km and higher,  by 

analyzing the orbi ta l  drag of ar t i f ic ia l  satell i tes.  
-17  3 .  manner  a r e  quite re l iable  down to 10 g / c m  , 1. e. , to a height of some 

600 k m  at sunspot minimum and 11 00 k m  a t  sunspot maximum; a t  g rea t e r  

heights, trouble a r i s e s  f rom solar-radiat ion p res su re ,  f rom possible 

changes in the drag coefficient, and f r o m  an  increasing uncertainty in the 

density sca le  height and other a tmospheric  propert ies .  

data f r o m  orbi ta l  drag over  extensive periods of t ime have been published 

by Cook and Scott (1 966), Jacchia and Slowey (1 965), Jacchia and Verniani 

(1965), Jacobs (1967a), and Roemer (1966). Yearly averages  of day- 

t ime  and nighttime densit ies have been derived f rom the drag of many satel-  

l i t e s  by King-Hele (1965) and King-Hele and Quinn (1965, 1966). Fea  (1965, 

1966) has  attempted to der ive densit ies a t  3500 km f rom the drag of Satellite 

1963-30D. 

dynamometer  in  the San Marco 1 Satell i te have been published by Broglio 

Densities obtained in  this 

Detailed density 

Densit ies f r o m  the nearly instantaneous drag measured  by a 

(1 967). 

Densit ies a r e  derived a l so  f rom p r e s s u r e  gauges and m a s s  spec t rom-  

e t e r s  ~ ~ i u ~ ~ ~ l t e d  0~ rocke ts  and c i t c l l i t e s .  

m e n t s  with rockets a r e  made a t  heights below 200 km, a few Soviet rockets 

have pushed the measu remen t s  to 300 km. Surveys of density data obtained 

in  th i s  fashion a r e  to be found in  review papers  by Mikhnevich (1965) and 

Horowitz (1 966). 

Although most  of the measu re -  

The re  has  been considerable discussion on a possible discrepancy by a 

fac tor  of near ly  2 between densities obtained by the orbi ta l -drag method and 

those obtained f r o m  gauges in  rockets and satel l i tes .  Cr i t ica l  reviews of 

2 



the problem of satel l i te-drag coefficients have been published by Cook (1 965, 
1966a, b) ;  the variation of the drag coefficient with height has  a l so  been con- 

s ide red  by Izakov (1965). Fr iedman (1966) has  discussed the density m e a s -  

u remen t s  by means of ionization gauges. 
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3. TEMPERATURES 

Tempera ture  determinations above 200 km, a s  we a l l  know, a r e  made 

by indirect  methods and a r e  more  difficult to obtain and much l e s s  re l iable  

than density determinations.  Spencer, Brace,  Carignan, Taeusch, and 

Niemann (1965), and Spencer,  Taeusch, and Carignan (1966) have used  

rocket-borne,  ejectable ' ' thermosphere probes ' '  to m e a s u r e  nitrogen density 

profiles f r o m  which neutral-gas  tempera tures  can be deduced; in addition, 

the ins t ruments  in  the probes measu re  the electron temperature .  

t ron  t empera tu res  showed a drop by a factor of 2 during the so la r  eclipse 

of July 20, 1963, proving that EUV i s  the major  heat source  in the F region 

In 1964 to 1965, during the quiet-sun period, the nighttime tempera tures  

der ived f r o m  the nitrogen profiles approached a constant value of about 725" K 

above 250 km, in good agreement  with the CIRA tables  and with the static 

models  of Jacchia (1965a), which henceforth will be r e f e r r e d  to a s  J65. The 

daytime tempera tures  were  close to 825" K, considerably lower than the 

1050" K predicted by CIRA, but in good agreement  with J65, when the latitude 

of the observing s i te  i s  taken into account. 

The elec-  

Tempera tu res  derived by Reber and Nicolet (1965) f rom m a s s -  

spec t rometer  data obtained f rom Explorer  17 in May and Apri l  1963 

show the s a m e  picture. The night tempera tures ,  650" to 700"K, a r e  again 

in  agreement  with CIRA and J65,  but the daytime temperature ,  825" f 75"K, 

whiie in  agreeriieiit ~ i t h  J65, is some 250" lower than the CIRA value. 

quasidynamic CIRA models require  a tempera ture  range near ly  twice a s  

l a r g e  as the s ta t ic  J65 models to produce a given amplitude in  the diurnal 

variation. 
density is determined uniquely by the hydrostatic equation, the observational 

r e su l t s  f r o m  m a s s  spec t rometers ,  i f  taken at  face value, would indicate that 

the diurnal tempera ture  range of the CIRA tables i s  too la rge  and that, 

paradoxically, the s ta t ic  models f i t  the observations bet ter .  

The 

Since in both models the relation between tempera ture  and 
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Pokhunkov (1966) has  derived two tempera ture  profiles from rocket-  

borne mass - spec t romete r  data. 

between 120 and 150 km that is considerably sma l l e r  than that of the CIRA 

tables. Above 160 km, however, the situation i s  reversed ,  and in the 

profile of November 15, 1961, at 1600 local  t ime, the tempera ture  continues 

to r i s e  and reaches 1470'K a t  325 km, some 400' higher than the value given 

by the CIRA tables,  i. e . ,  with a discrepancy in  the other direction with 

respec t  to the thermosphere probes and the Explorer  17. 

Both profiles show a tempera ture  gradient 

Blamont and Chanin-Lory (1965) have published a survey of their  de te r -  

minations made between 1960 and 1964 using the the rma l  broadening of the 

D line emitted by resonance scattering f rom sodium clouds re leased  by 

rockets.  
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4. COMPOSITION 

Most of the mass - spec t romete r  data on a tmospher ic  composition come 

f r o m  the 100- to 200-km region; the composition above.200 km in  model 

a tmospheres  such a s  CIRA must be considered a s  a theoret ical  extrapolation 

of quantities observed a t  lower heights. Explorer  17, however, measured  

N 

and Nicolet, 1965). 

1965 models shows the following. The observed N 2 
higher a t  night, but low by a factor of 2 in  daytime. Oxygen density, on the 

other  hand, is lower than the tabular values,  by a f ac to r  of 3 a t  night and by 

a factor  of 5 to 10  in daytime. Helium is a l so  lower than in  the CIRA tables,  

by a factor  of 2 a t  night and by a factor of 5 in  daytime. 

s t i tuents  the observed density variation f rom day to night is considerably 

s m a l l e r  than the variation predicted by CIRA. 

to  near ly  500 km, oxygen to a lmost  700 km, and helium to 800 km (Reber  
2 

A comparison of the Explorer  17 data with the CIRA 
density i s  some 5070 

F o r  a l l  th ree  con- 
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5. DIURNAL VARIATIONS 

The CIRA tables r ep resen t  the diurnal  var ia t ion in  the atmosphere at 

low lat i tudes;  they a r e ,  however, unable to suggest what happens at higher 

latitudes. 

by Jacchia (1965b); in  it the diurnal bulge was depicted a s  being a lmost  

radially symmetr ic  and centered  at  the latitude of the subsolar  point. Results 

f r o m  the two high-inclination satel l i tes  Explorer  19 and Explorer  24 seemed 

to cas t  some doubts about the validity of this  model a t  high latitudes. Jacchia  

and Slowey (1967a) suggested that the bulge might be elongated i n  the north- 

south direct ion and permanently centered a t  the equator;  Keating and P r i o r  

(1967a) found that the discrepancies  in  the resu l t s  f r o m  the two Explorer  

sa te l l i t es  w e r e  minimized when the center  of the bulge was shifted t o  the 

winter  hemisphere.  

A worldwide, empir ical  model of the diurnal var ia t ion was given 

To c a s t  some light on the problem, Jacchia and Slowey (1967b) undertook 

a study of the diurnal var ia t ion using drag  data on seven satel l i tes  f rom 1958 

to 1966. 

per iod much shor t e r  than that of the day-to-night cycle. If, also, the bulge 

moves in  latitude with the subsolar point, the two motions combined give 

or ig in  to a complicated pa t te rn  of oscil lations in  the drag  that is quite 

different f r o m  the pat tern that would resu l t  i f  the bulge were  stationary on 

the equator. The observed data show unmistakably that the original model 

of the b-;?ge, scar ly  sy.nmetrical a n d  migrat ing in  latitude with the subsolar  

The per igee of low-inclination satel l i tes  moves in latitude with a 

point, is c o r r e c t  ( s ee  F igure  1). 

revealed by Explorers  19 and 24 a r e ,  apparently, caused by a winter  hel ium 

bulge, which will be discussed later.  

The discrepancies  in  high latitudes 

As  we mentioned ea r l i e r ,  the diurnal  var ia t ion of the exospheric temper-  

a t u r e  is much l a r g e r  i n  CIRA than in  J65, although in  both models the rat io  

of the daytime maximum to the nighttime minimum is a constant: 1. 50 for  

CIRA 1965 and 1. 28 f o r  J65. According to Jacchia  and Slowey (1967b), this  
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Figure  1. The diurnal tempera ture  var ia t ion a s  derived f r o m  the drag  of 
Explorer  1 using the static J65 models. 
(top) a r e  compared with the normalized theoret ical  variations 
according to  the model of Jacchia  (1965a), which a s sumes  a 
migrating, near ly  symmetr ica l  diurnal bulge, and that of Jacchia  
and Slowey (1967a), in which the bulge i s  elongated and stationary.  
Curves of the latitude of perigee,  the declination of the sun, and 
the smoothed 10.7-cm so la r  flux a r e  added for reference.  MJD 
in the absc issa  i s  the Modified Julian Day (Julian Day minus 
2 400 000. 5). 

The observed var ia t ions 
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ratio,  when computed f rom the static models,  is actually not quite constant. 

In 1958 to 1962 i t  was close to  1. 32, but dropped r a the r  suddenly to 1. 26 
in  1963 to 1966. 

The diurnal density var ia t ions derived f r o m  the drag of four  satel l i tes ,  

ranging in per igee height from 250 to 563 km, have been compared with 

predictions made  with the CIRA and the J65 models on the bas i s  of the 10. 7-cm 

so la r  flux; the resu l t s  a r e  shown in F igu re  2. 

revea ls  that: 

An inspection of this f igure 

1. The CIRA models  r ep resen t  fa i r ly  wel l  the nighttime densit ies,  

although a systematic  t rend  in  the residuals  with so l a r  activity can  be 

dis c e rne  d. 

2. The daytime densi t ies  i n  the CIRA models a r e  systematical ly  too 

high above 300 km, increasingly so as so lar  activity declines. 

in a n  exaggerated amplitude of the diurnal density variation. At 563 k m  

around sunspot minimum the observed amplitude is only one-half of that  

predicted by CIFU. 

This  results 

3. The J65 models give the c o r r e c t  amplitude of the diurnal  variation 

over  the whole height range covered by the four satel l i tes ;  both daytime and 

nighttime densi t ies  a r e  co r rec t ly  represented  by the models above 350 km; 

hard ly  any dependence on so lar  activity can  be discerned in  the residuals.  

4. At 250 k m  both s e t s  of models predict  densit ies that a r e  a l i t t le  too 

high: by 10% in CIRA and by 15% in J65. 

As we saw before,  not only is the amplitude of the diurnai density va r i a -  

t ion too la rge  in  CIRA above 300 k m  and for  low so lar  activity, but so  is that 

of the diurnal var ia t ions in  tempera ture  and composition. 

ing the s a m e  difficulty in  the three-dimensional  model of the diurnal var ia t ion 

with which we a r e  experimenting a t  the Smithsonian Astrophysical Observatory 

(Fr iedman,  1967). Since the discrepancies  s e e m  to be roughly proportional 
to the amplitude of the diurnal variation, and therefore  to the density 

gradients ,  i t  m a y  wel l  be that l a te ra l  convection, so f a r  neglected in all 

We a r e  encounter - 

9 



t 

a 
W 
a 
a 
3 a 
X 
W 

- 
a 
W a 
a 

I ,,o I 

9 
X 
W 

8 

0 

8 

8 0  

0 

0 

B - 
8 

0 
"8;:" 

8 

m 
z 
3 
7 z 

(II 

-r 

0 

- 

N d ~ 

rn 

8 

I I 

0 
8 

0 

T 
I -  I 

N O N  

+ ? d 

E * 
Q, 
k 
3 
M 

Fr 
.d Io 

(D 
In 

(D cu 
d 

0 
In 
m 

10 



models,  has something to do with the situation. 

a t  thermospher ic  levels,  caused by p r e s s u r e  gradients  originating with the 

diurnal variation, has  been pointed out i n  a s e r i e s  of recent ly  published 

papers  (King and Kohl, 1965; Lindzen, 1966, 1967; H a r r i s ,  1966; Geis le r ,  

1966). The effect  of such winds would be, of course ,  to reduce the ampli-  

tude of the diurnal oscil lation in  a l l  a tmospheric  pa rame te r s ,  including 

composition, inasmuch a s  horizontal  winds with a diurnal cycle between 

regions of different compositions, such as the bright and the dark  hemispheres ,  

would provide a mechanism of nonturbulent mixing even a t  exospheric levels.  

In addition, we mus t  not forge t  the systematic  winds postulated by King-Hele 

and assoc ia tes  (King-Hele and Allan, 1966; King-Hele and Scott, 1966, 1967) 

to  explain the excess  in  the secular  dec rease  of the orbi ta l  inclination 

observed in  ar t i f ic ia l  satel l i tes .  

The importance of winds 

Below 200 k m  the diurnal  density variation a s  given by e i ther  CIRA o r  

J65 s e e m s  to be too small .  According to data obtained f r o m  the orbi ta l  drag 

of Cosmos rockets  by King-Hele and Quinn (1966), in  1962 to 1965 at 200 km 

the relat ive amplitude was  1. 7;  J65 predicted 1. 5, and CIRA, 1.4. At 

180 km, according to the same  source,  the relat ive amplitude was 1. 6, 

compared  to 1. 3 given by J65 and 1. 2 by CIRA. 

t ion w e r e  to b e  expected at low heights because of the assumed constancy 

of the boundary conditions at  120 km, and they had been observed in  the 

densi ty  var ia t ions with so la r  activity (J65). 

c repancies  at low heights that Bruce (1966) introduced a s imple mathematical  

t ransformat ion  of the 565 density profiles,  whose effect is to increase  the 

ranvge of the densitv var ia t ion for heights below 250 km. 

Discrepancies in  this d i rec-  

It was  because of these dis-  

11 



6. SOLAR-ACTIVITY E F F E C T  

The t ime lag of the so-cal led "27-day'' a tmospheric  var ia t ion behind the 

var ia t ions of the 10. 7 -cm so la r  flux has  been investigated by Roemer (1967), 

who finds for  it a n  average value of 1. 5 days. Actually, he finds a lag of 

1. 0 days near  the center  of the sunlit hemisphere  - and this may be con- 

s idered  the react ion t ime of the atmosphere - and about 2 days in  the dark  

hemisphere.  

12 



7. GEOMAGNETIC -ACTIVITY EFFECT 

Jacchia,  Slowey, and Verniani (1967) have investigated the atmospheric  

var ia t ions with geomagnetic activity using drag data on four high-inclination 

satel l i tes .  

K o r  a 
P P 

i s  5. 8 f 0. 5 hours,  and a t  25" it i s  7. 2 f 0. 3 hours ;  De Vries ,  Fr iday,  and 

Jones (1967) found a much l a r g e r  variation with latitude, but their  resu l t s  

a r e  questionable because of the smal l  orbi ta l  eccentr ic i t ies  of the satel l i tes  

used  in their  study. 

low lati tudes f r o m  the drag  of the Explorer  9 Satellite. 

agreement  with the lag previously obtained f rom the same  satel l i te  by Jacchia  

and Slowey (1964), but differs  by 2 hours  f rom the m o r e  recent  resu l t s  we 

just mentioned. 

Roemer.  

the atmospheric  per turbat ions in  the au ro ra l  zones (by some 15 to 25%) and 

the nonlinearity in  the relat ion between tempera ture  and K o r  a . This 

re la t ion is expressed  by the improved formula 

The t ime lag of the atmospheric  var ia t ions behind those of the 

index i s  found to increase  f r o m  high to low lati tudes:  At 65" the lag 

Roemer  (1966) found a lag of only 5. 2 * 0.4 hours  a t  

This i s  i n  good 

The problem of this discrepancy is being investigated by 

The paper by Jacchia  et al. (1967) confirms the enhancement of -- 

P P 

AT = 28" K t 0: 03 exp (K ) 
P P 

o r  

AT = 1: 0 a t 100"[1 - exp (-0. 08 a ) ]  . 
P P 

Jacobs (1967b) found a 24-hour oscil lation in  the motion of low satel l i tes  

in  polar  orb i t s  and attr ibuted it to a n  atmospheric  heat  bulge above the geo- 

magnetic poles. 

the s ize  of which should be quite spectacular ,  according to the oscillation 

tha t  Jacobs observed to be by a fac tor  a s  high a s  1 . 7 .  

of the oscil lation mus t  be nonatmospheric;  12- and 24-hour oscil lations can 

eas i ly  appear in the motion of satel l i tes  when gravity anomalies and station 

posit ions contain even slight imperfections (see,  for  example, Jacchia and 

Jacchia  and Slowey (1967b) could find no t r a c e  of this bulge - 

They believe the cause 

13 



Slowey, 1964, F igure  3 ) .  Even the sma l l e s t  discernible  oscil lations with 

such sma l l  periods in  the position residuals  will resu l t  in  l a rge  fluctuations 

in the second t ime derivative of the curve  of res iduals ,  f rom which the drag 

is computed. 

14 



8. THE SEMIANNUAL VARIATION; HELIUM AND HYDROGEN 

An attempt by Anderson (1966a, b)  to explain the semiannual variation 

in  the atmosphere a s  a n  i l lusion caused by the motion in  latitude of satel l i te  

per igees  has  been effectively disproved by King-Hele ( 1966a, b), who showed 

that the semiannual var ia t ion is conspicuously present  even in the drag  of 

polar  satel l i tes  i n  c i r cu la r  orbi ts ,  

Cook and Scott (1966) and Cook (1967) have found that near  sunspot 

minimum the amplitude of the semiannual density var ia t ion a t  11 00 km 

derived f r o m  the drag of the Echo 2 and the Calsphere satel l i tes  is l a r g e r  

than that predicted by the J65  models. 

factor  of 2 f o r  Echo 2, and 1 . 6  f o r  Calsphere;  J65 predicts  only a factor  

of 1. 06. Since a t  1100 km the atmosphere a t  sunspot minimum consis ts  

la rge ly  of helium, and s ince the density of hel ium i s  very  sensit ive to the 

height a t  which diffusion begins, Cook theorized that a variation in this 

height with the semiannual cycle could resu l t  in  a n  increased  amplitude of 

this variation where helium is important. P r i e s t e r  (1967), however, found 

that the amplitude observed by Cook i s  not much l a rge r ,  especially in the 

c a s e  of the Calsphere Satellite, than the variation predicted when the J65 

fo rmula  is used in  conjunction with the CIRA models. P a r t  of the discrepancy 

between CIRA and J65 at 1100 km is to be t r aced  to their  different hydrogen 

concentrations a t  low tempera tures ,  caused by a difference in the extrap- 

olation to low t empera tu res  of the hydrogen data coiiip.;tzd by K ~ c k z r t s  a n d  

Nicolet (1962, 1963). Since the density of hydrogen dec reases  a s  the tem-  

pe ra tu re  increases ,  while helium does the opposite, a suitable combination 

of hydrogen and hel ium can  reduce to z e r o  any density variation of thermal  

or ig in  when only these two components a r e  present.  

happens in J65 a t  heights c lose  to 1100 km,when the exospheric tempera ture  

is around 650" K; in the CIRA models for  the same  degree  of so la r  activity 

the hydrogen concentration is one o r d e r  of magnitude sma l l e r ,  and is almost  

cer ta inly m o r e  cor rec t .  

The observed oscil lation is  by a 

This is just  what 

If the hydrogen concentration in J 6 5  i s  reduced to the 
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level  of the CIRA models,  the predicted amplitude of the semiannual var ia -  

t ion becomes 1 .6 ,  in  perfect  agreement  with the Calsphere  data. 

In connection with hydrogen we can  mention a recent  review of hydrogen 

investigations by Donahue (1966) and two papers  by Pa t t e r son  (1966a, b),  of 

which one deals  with the concentration of hydrogen and the other with its 

diurnal variation. The l a s t  subject, the diurnal var ia t ion of hydrogen, is 

t r ea t ed  a l so  in  papers  by Joseph and Venkateswaran (1965) and by Joseph 

(1 966). 
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9. SEASONAL VARIATIONS IN HIGHER LATITUDES 

The migrat ions in latitude in the course of the year  involve a seasonal  

variation a t  any given geographic location; this  variation, however, can be 

t rea ted  as an  integral  par t  of the diurnal variation considered on a global 

scale.  

d rag  data of the Explorer  19 and Explorer  24 satel l i tes  (Jacchia and Slowey, 

1967b). 

excess  of density a t  high latitudes during the winter months a t  heights above 

550 km. 

and does not appear  to be cor re la ted  to  tempera ture  variations at those 

heights. 

Keating and P r i o r  (1967b) reached s imi l a r  conclusions concerning a helium 

bulge, except for the fact  that they t r ied  to connect it to the diurnal variation. 

The formation of a winter helium bulge over the poles could be explained 

by a seasonal subsidence of the level a t  which the diffusion of helium begins; 

the sensit ivity of helium to the height of this level  has  been mentioned in 

Section 7. It appears  difficult, however, to apply this explanation to a 

diurnal helium bulge, since the diurnal var ia t ion in winter is smal l  a t  high 

lati tudes - cer tainly much smal le r ,  at turbopause level, than the seasonal  

var ia t ion observed by Champion (1 966). 

A t rue  seasonal  variation at high lati tudes has  been revealed by the 

These data show that during the quiet-sun period there  was an  

This  g rea t e r  density seems to be caused by an excess  of helium 

F r o m  the drag analysis of the same  two Explorer  satel l i tes ,  
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